Abstract. Cancer stem cells (CSCs) were reported to be involved in resistance to chemo/radiation therapy. We previously reported that CD13 was both a marker of CSCs and a candidate therapeutic target in HCC. In the present study, we explored the antitumor effect of a combined therapy, where ubenimex, a CD13 inhibitor, was combined with conventional anticancer drugs, fluorouracil (5-FU), cisplatin (CDDP), doxorubicin (DXR) and sorafenib (SOR), and we elucidated the mechanism of these combination therapies. We evaluated changes in the expression of CD13 before and after treatment with anticancer drugs and with or without ubenimex in the human HCC cell lines HuH7 and PLC/PRF/5. The interactions between the anticancer drugs and ubenimex were determined with isobologram analyses. We analyzed cell cycle, apoptosis, and intracellular reactive oxygen species (ROS) levels to explore the mechanisms of the combination therapies. In both cell lines, the expression of CD13 increased after a 72-h exposure to each anticancer drug alone (P<0.05), and the expression of CD13 decreased with ubenimex administration (P<0.05). Isobologram analyses indicated that ubenimex had synergistic effects with 5-FU, CDDP and DXR, and an additive effect with SOR. Cell cycle analyses showed that ubenimex decreased the proportion of cells in G0/G1. Ubenimex enhanced the effects of 5-FU, CDDP and DXR by increasing apoptosis and intracellular ROS levels. In combination therapies, ubenimex synergistically enhanced the antitumor effects of 5-FU, CDDP and DXR on cell cycle regulation and apoptosis induction in HCC cell lines. The effects of ubenimex were due to increased intracellular ROS levels.
Introduction
Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related deaths worldwide (1) . Many treatment options are available for patients with HCC, including surgical resection, local ablation therapy, chemoembolization, liver transplantation and molecular target therapy. Nevertheless, the prognosis of HCC remains poor, due to intrahepatic spread, postsurgical recurrence and chemoresistance (2) (3) (4) .
Cancer stem cells (CSCs) have emerged as a potential cause of many malignant properties of tumors, including tumorigenicity, chemoradiation resistance, metastasis and tumor recurrence (5) . CSCs are believed to share unique characteristics with normal stem cells; for example, they have the ability to self-renew and produce differentiated cells. Subsequent to the identification of CSCs in leukemia (6) , CSCs have been reported in various solid tumors, including breast cancer, melanoma and colon cancer (7) (8) (9) . In studies on HCC, the side population (SP) fraction, CD133, CD90, CD44 and epithelial cell adhesion molecules, were identified as CSC-specific markers (10) (11) (12) (13) . Many CSC markers have been shown to be associated with disease progression and outcome; however, no molecular target therapy for these markers has been developed.
CD13/Aminopeptidase N (APN) is a zinc-binding, type 2 transmembrane ectopeptidase (150 kDa), which is expressed on various cell types, such as kidney, intestinal epithelium, liver, placenta and lung cells (14, 15) . CD13 was first described as a marker for hematopoietic cells of myeloid origin. Recent studies have indicated that CD13 has various functions, including roles in inflammatory and immunological responses, signal transduction, antigen processing, neuropeptide and cytokine degradation, angiogenesis and extracellular matrix degradation (16, 17) . However, high CD13 expression levels have been detected in various solid tumors; additionally, CD13 was reported to be correlated with malignant behavior in colon, prostate and non-small cell lung cancers (18) (19) (20) .
We previously reported that CD13 might be both a marker of CSCs and a candidate therapeutic target in HCC (21) . We showed that CD13-positive cells exhibited strong chemoradiation resistance in vitro and in vivo. Moreover This drug was found to be cytotoxic to various tumor cell lines (22) (23) (24) . We previously reported that combining ubenimex with 5-FU treatment, which is a ROS-inducing chemotherapy, improved liver cancer treatment (21) .
In the systemic treatment of HCC, only sorafenib has been shown to provide overall survival benefit in a phase 3 randomized control trial (25) . However, as a locoregional chemotherapy, some conventional cytotoxic agents were used in clinical practice. Transcatheter arterial chemoembolization (TACE) is the golden standard for the treatment of intermediate-stage HCC, and involves the administration of chemotherapeutic drugs, such as cisplatin or doxorubicin with or without lipiodol (26) . In addition, we previously reported the efficacy of 5-fluorouracil arterial infusion + interferon therapy (FAIT) for advanced HCC (27) . Thus, we thought that these conventional cytotoxic agents were worth trying to evaluate the effects of combination therapy with ubenimex.
In the present study, we explored the effects of ubenimex in combination with various anticancer drugs, which were used in the treatment of HCC, and we elucidated the mechanism underlying the effects of these combinations.
Materials and methods
Cell culture. Two human liver cancer cell lines, HuH-7 and PLC/PRF/5, were obtained from the Japan Cancer Research Resources Bank (Tokyo, Japan). These cells were cultured and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (FBS) and 500 µg/ml penicillin-streptomycin. Cells were incubated at 37˚C in a humidified atmosphere containing 5% CO 2 in air.
Cells were treated with 5-fluorouracil (5-FU), cisplatin (CDDP), doxorubicin (DXR; Wako Pure Chemical Industries, Osaka, Japan), sorafenib (SOR; BioVision, Tucson, AZ, USA), and ubenimex (kindly supplied by Nihon kayaku, Tokyo, Japan).
Flow cytometry for detecting expression of CSC markers.
To analyze CD13 expression, cells were incubated with anticancer drugs with/without ubenimex (100 µg/ml) for 24, 48 and 72 h. At this concentration, ubenimex decreased the cell viability to 78.4% in HuH7 and 81.2% in PLC/PRF/5 for 72 h. Next, cells were resuspended at 10 6 cells/100 µl and incubated for 60 min at room temperature with an anti-CD13 mouse monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). After incubation, the samples were washed twice with phosphate-buffered saline (PBS) and resuspended in PBS containing 1% FBS. Labeled samples were analyzed with flow cytometry on a FACSAria II (BD Biosciences, San Jose, CA, USA). The cells were routinely sorted twice and re-analyzed for purity.
To evaluate the change of other CSC marker after the exposure to cytotoxic agents with/without ubenimex, an anti-CD44 mouse monoclonal antibody (Santa Cruz Biotechnology) was used as described above.
Cell growth inhibition assay. Growth inhibition was tested with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay (Sigma-Aldrich, St. Louis, MO, USA). Cells were cultured in 96-well culture plates with various concentrations of anticancer drugs and ubenimex, alone or in combination. After 72-h incubations, 10 µl (50 µg) of MTT was added to each well and incubated for 4 h at 37˚C. Next, the medium was removed, and 100 µl of acid isopropanol was added to dissolve the resultant formazan crystals. Plate absorbance was measured in a microplate reader at 570 nm, and absorbance at 650 nm was measured as reference. Results were expressed as the percentage of absorbance relative to untreated controls.
Assessment of combined drug effects with isobologram analysis.
Isobologram analyses were used to determine whether the interactions between anticancer drugs and ubenimex were additive, synergistic, or antagonistic (28, 29) . Dose-dependent effects were determined for each compound; for combinations, the dose of one compound was varied, and the dose of the other compound was fixed. Data points on the isobologram were evaluated according to their positions relative to the diagonal. The lower left region indicated synergism, falling on the diagonal line indicated additive effects, and the upper right region indicated antagonism.
The combination index (CI) provided a means to analyze the combined effects with a median-effect plot analysis. The CI was calculated according to the following formula: CI = (dA/D 30 A) + (dB/D 30 B), where D 30 A is the concentration of drug A (ubenimex) required to produce 30% of the effect, and dA is the concentration of drug A required to produce 30% of the effect when combined with dB. Similarly, D 30 B is the concentration of drug B (anticancer drug) required to produce 30% of the effect, and dB is the concentration of drug B required to produce 30% of the effect when combined with dA. The CI values were defined as follows: <0.8 = synergism; from 0.8 to 1.2 = additive effect; and >1.2 = antagonism.
Cell cycle analysis with propidium iodide staining. For cell cycle analysis, cells were incubated with each anticancer drug, alone or with ubenimex (100 µg/ml) for 48 h, then fixed in 70% ethanol on ice. After centrifugation, cells were stained with 50 mg/ml propidium iodide (PI) solution (Dojindo Molecular Technologies, kumamoto, Japan) and 0.1 mg/ml RNase A (Invitrogen). Stained cells were analyzed with flow cytometry on a FACSAria II. Each histogram was constructed with data from at least 20,000 events. Flow cytometric analyses were performed with the FlowJo software (Digital Biology, Tokyo, Japan).
Apoptosis analysis with Annexin V staining. The Annexin V-FITC apoptosis detection kit (BD Biosciences) was used to detect cells undergoing apoptosis after anticancer treatment, according to the manufacturer's protocol.
Firstly, cells were incubated for 48 h with each anticancer drug or ubenimex (100 µg/ml) alone or in combination. Cell suspension (100 µl) was mixed with 5 µl of Annexin V-FITC and 2.5 µl of PI and incubated for 30 min at room temperature in the dark. The samples were analyzed with flow cytometry on a FACSAria II (BD Biosciences). Cells stained with Annexin V were considered apoptotic cells.
Measurement of intracellular ROS levels.
CellROX Deep Red reagent (Invitrogen, Gent, Belgium) is a fluorogenic probe for measuring intracellular oxidative stress in both live and fixed cells. The cell-permeant dye is nonfluorescent while in a reduced state and exhibits fluorescence upon oxidation by reactive oxygen species. After 48-h incubations with each anticancer drug, with/without ubenimex (100 µg/ml), cells were stained with 2 µM CellROX Deep Red reagent by adding the probe to the complete medium and incubating the cells at 37˚C for 30 min in the dark. Samples were analyzed with flow cytometry on a FACSAria II. The flow cytometric analysis was performed with FlowJo software.
Statistical analysis. Data are expressed as means ± SD. The unpaired Student's t-test was used to examine differences between groups in cell proliferation, apoptosis, and cell cycle status. A P-value <0.05 was taken as statistically significant. Statistical analyses were performed with JMP Pro software, version 11.0 (SAS, Institute, Inc., Cary, NC, USA).
Results
The expression of CD13 increases with anticancer drugs and decreases with ubenimex. The expression of CD13 were assessed with FACS analyses in two human HCC cell lines. The expression of CD13 was 3.5±0.5% in HuH7 and 3.9±0.4% in PLC/PRF/5 (Fig. 1A) . Exposure to ubenimex decreased the expression of CD13; 1.5±0.3% in HuH7, 2.1%±0.4% in We evaluated the expression of CD13 at earlier time-point. In HuH7, the expression of CD13 was 13.2±0.4% by 24-h CDDP treatment and 17.3±1.1% by 48-h CDDP treatment. When ubenimex was combined with CDDP, the expression of CD13 was decreased to 8.6±0.5% by 24-h treatment and 9.9±0.8% by 48-h treatment (Fig. 2) .
The expression of CD44 increases by anticancer drugs and slightly decreases by ubenimex. To evaluate the change of other CSC markers after the exposure to cytotoxic agents with/without ubenimex, the expression of CD44 was assessed with FACS analysis in HuH7. The expression of CD44 was 6.0±0.1%, and the increase after exposure to CDDP; 18.7±0.5% at 24-h and 19.9±0.3% at 48-h. When ubenimex was combined with CDDP, the expression of CD44 slightly decreased relative to that observed with CDDP alone; 17.0±0.8% at 24-h and 18.8±0.3% at 48-h (P<0.05) (Fig. 3) .
Interactions between ubenimex and anticancer drugs. The IC 30 values of ubenimex alone was 394.8 µg/ml for HuH7, and 498.8 µg/ml for PLC/PRF/5. The MTT assay was performed with various concentrations of anticancer drugs combined with different fixed concentrations of ubenimex (0, 50, 100 and 200 µg/ml; Fig. 4) .
Isobologram analyses were performed, and CI values were calculated. The data points fell in the lower left region of the isobologram for combinations of ubenimex with 5-FU, CDDP and DXR (Fig. 3) ; all these CI values were <0.8 (Table I ). The data points fell approximately on the diagonal for combinations of ubenimex with SOR, in both cell lines (Fig. 5) ; these CI values were between 0.8 and 1.2 in both cell lines (Table I) .
The results indicated that, when ubenimex was combined with 5-FU, CDDP and DXR, the effect was synergistic, respectively, and combined with SOR, the effect was additive.
Ubenimex reduces the proportion of cells in G0/G1 phase.
We further explored the mechanism of synergistic effects in combination with ubenimex and anticancer drugs by examining the distribution of cells in different stages of the cell cycle. In both cell lines, ubenimex alone did not affect the cell cycle. Cell lines treated with 5-FU, CDDP and DXR showed significantly smaller percentages of cells in the G0/G1 phase, and a larger percentage of cells in the S/G2/M phase, compared to control untreated conditions. In contrast, cells treated with SOR showed a larger percentage of cells in the G0/G1 phase and a smaller percentage of cells in the S/G2/M phases, compared to control conditions (P<0.05 for each; Fig. 6 ). Moreover, in each cell line, when 5-FU, CDDP, DXR or SOR was combined with ubenimex, a significantly smaller percentage of cells were in the G0/G1 phase and a larger percentage of cells were in the S/G2/M phase compared to when cells were exposed to the anticancer drug alone.
These results indicated that ubenimex reduced the proportion of cells in G0/G1 phase.
Ubenimex enhances apoptosis when combined with 5-FU, CDDP and DXR.
To quantify the percentage of cells undergoing apoptosis, we performed the Annexin V assay (Fig. 7A) . Cell lines treated with each anticancer drug alone showed a larger percentage of Annexin V-positive cells than that observed in control conditions. Moreover, when 5-FU, CDDP and DXR were combined with ubenimex, a higher percentage of Annexin V-positive cells was observed compared to that observed with the anticancer drugs alone (P<0.05). However, the percentage of Annexin V-positive cells in cell lines treated with SOR alone was not significantly different from the percentage observed when SOR was combined with ubenimex ( Fig. 7B) .
Ubenimex increases the intracellular ROS when combined with 5-FU, CDDP and DXR.
We evaluated the intracellular ROS levels when cells were treated with each anticancer drug, with or without ubenimex (Fig. 8A) . Cell lines treated with each anticancer drug alone demonstrated an increase in ROS compared to control conditions. Additionally, in both cell lines, when 5-FU, CDDP or DXR was combined with ubenimex, the intracellular ROS increased above that observed with each drug alone (P<0.05). However, when SOR was combined with ubenimex, the intracellular ROS was not significantly different from that observed with SOR alone (Fig. 8B) .
Discussion
CD13 is a transmembrane ectopeptidase to degrade peptides expressing on various organs and cell types. Previous studies also indicated that CD13 played an important role in control- ling cancer cell growth and differentiation. Inhibition of CD13 expression reduced proliferation in various types of cancer cells (30, 31) . In addition, we previously demonstrated that CD13 was a CSC marker in HCC and a therapeutic target (21) . In the present investigation, we examined the effect of combining ubenimex with conventional anticancer treatments, in vitro and in vivo.
The expression of CD13 increased by treatment with anticancer drug compared to untreated condition. From the fact that the expression of CD13 increased in time-dependent manner, the results suggested the increase of CD13 expression was the results of selection by chemotherapy. However, the expression of CD13 increased by 24-h exposure of the anticancer drug, so these results also indicate that anticancer drugs themselves upregulated CD13 expression. Ubenimex, which inhibited CD13 activity, reduced the number of CD13-positive cells by sensitizing cells to the anticancer drugs.
To evaluate the influence of ubenimex to other CSC markers, we examined the expression of CD44 after chemotherapy with ubenimex. The expression of CD44 increased by anticancer treatment. The combined therapy with ubenimex slightly decreased the expression of CD44, and the result of reduction ratio was statistically significant. The CSC marker positive cells included cancer stem cells and CD13-positive cells and CD44-positive cells could overlap each other partially. Ubenimex mainly reduces the expression of CD13 and might reduce the population of the overlapped CSC marker positive cells.
Isobologram analyses revealed that, when ubenimex was combined with 5-FU, CDDP and DXR, the effects were synergistic, and when combined with SOR, the effect was additive. To explore the mechanism underlying the synergistic effects, we focused on the cell cycle, apoptosis and intracellular ROS levels, because previous studies suggested that CSCs were resistant to various anticancer drugs, due to cell cycle dormancy, activated DNA-repair mechanisms, and low intracellular ROS levels (32) .
The cell cycle analyses revealed that both 5-FU and CDDP alone could cause S-phase arrest or delay, and DXR alone caused G2/M-phase arrest. These results were consistent with previous reports (33) (34) (35) . Ubenimex alone did not affect the cell cycle. However, when combined with anticancer drugs, the presence of ubenimex enhanced the cell cycle changes induced by the anticancer drugs. In the presence of ubenimex, 5-FU caused a greater increase in the proportion of cells in S phase, and DXR caused more cells to accumulate in G2M phase. These results suggested that ubenimex enhanced the effect of 5-FU on S-phase arrest and the effect of DXR on G2/M arrest. However, ubenimex did not enhance the effect of CDDP on S-phase accumulation. This result might be explained by the fact that platinum compounds mainly act on cancer cells by randomly damaging DNA, regardless of the cell cycle phase. The cell cycle analyses also revealed that ubenimex reduced the proportion of cells in G0/G1 phase after exposure to anticancer drugs. Our previous report demonstrated that the largest CD13-positive fraction was in the G0/G1 phase (21) . These results indicated that inhibition of CD13 with ubenimex abrogated CD13-positive cell dormancy by inducing these cells to leave G0 and enter the cell cycle; this induction may sensitize CSCs to the effects of anticancer drugs.
We also showed that ubenimex alone induced apoptosis; moreover, combinations with 5-FU, CDDP, or DXR enhanced apoptosis compared to the effects of the anticancer drug alone. Several previous studies demonstrated that ubenimex induced cancer cell apoptosis by activating the pathway involving caspase-3, mitogen-activated protein kinase (MAPk), phos- phatidylinositol 3-kinase (PI3k), and glycogen synthase kinase-3β (GSk-3β) (22, 36, 37) . However, the detailed mechanism of the induction has not been elucidated. We reasoned that ubenimex may induce apoptosis through its inhibition of CD13 activity; previously, CD13 was found to be involved in ROS excretion, and elevated ROS levels induced DNA oxidative damage and triggered apoptosis (38, 39) .
ROS are oxygen-derived free radicals, such as hydroxyl radicals, peroxides and superoxides and are known to lead to DNA lesions, protein oxidation and lipid peroxidation (40) . Currently, chemotherapeutic agents are used to cause DNA damage via ROS accumulation which leads to apoptosis induction in different tumor cells (41) . The detailed mechanism of apoptosis via ROS formation remains to be clarified. For instance, some drugs have induced apoptosis through oxidative stress along with activation of the MAPk signaling pathways (42) (43) (44) , that play an important role in the regulation of many cellular processes including cell growth and proliferation, differentiation, and apoptosis and downregulation of PI3k/AkT signaling pathways, that play a pivotal role in cell survival and the enhanced protection of cancer cells from apoptosis (45) (46) (47) .
In our evaluations of intracellular ROS, ubenimex elevated intracellular ROS in combination with 5-FU, CDDP and DXR, but not with SOR. These results suggested that ROS played a key role in the synergistic effects of ubenimex on the mechanism of apoptosis induction. Also, they supported our hypothesis that 5-FU, CDDP and DXR induced DNA injury and increased ROS levels in CD13-positive cells, and that some of the increased ROS was excreted via CD13 (48) (49) (50) . Therefore, inhibition of CD13 by ubenimex increased intracellular ROS levels in CD13-positive cells and induced apoptosis. Our findings suggested that only anticancer drugs that directly caused DNA damage and cell cycle entry would show synergistic effects when combined with ubenimex. Further studies are needed to determine the molecular mechanism of ubenimex.
Three of the tested cytotoxic agents showed synergism with ubenimex. However, SOR showed only an additive effect with ubenimex. SOR merely inhibits several tyrosine protein kinases (VEGFR and PDGFR) and Raf kinase (51); therefore, this drug did not directly induce DNA damage or cell cycle changes. Moreover, SOR was reported to be useful, both for treating HCC and for killing CSCs derived from HCC tumors (52) . Although we demonstrated that exposure to SOR increased cellular CD13 expression, and that exposure to SOR combined with ubenimex decreased CD13 expression, SOR might affect HCC-derived CSCs through a different pathway. We previously demonstrated the effects of the combination therapy of 5-FU with ubenimex in vivo (21) . Our results suggested that ubenimex may enhance the effect of transarterial chemoembolization using cisplatin or doxorubicin.
In conclusion, the present study demonstrated that combinations of 5-FU, CDDP and DXR with ubenimex synergistically enhanced their antitumor effects on cell cycle regulation and apoptosis induction, by increasing intracellular ROS levels in HCC cell lines. In clinical studies, ubenimex was shown to have beneficial effects in treatments for several types of malignancy, including leukemia, non-small cell lung and gastric cancer (53-55). Furthermore, our results provided novel insight into a chemotherapeutic strategy for HCC by adding ubenimex to chemotherapies currently in use.
